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Summary
Background: Signaling by receptor tyrosine kinase (RTK)
pathways plays fundamental roles in processes of cell-fate
determination, often through the induction of specific tran-
scriptional responses. Yet it is not fully understood how
continuous target gene expression, required for irreversible
cell-fate specification, is preserved after RTK signaling has
ended. Here we address this question using the Drosophila
embryo, a model system that has been instrumental in
elucidating the developmental functions of RTK signal
transduction.
Results: The Groucho corepressor is phosphorylated and
downregulated in response to RTK signaling. Here we show
that RTK pathways use Groucho phosphorylation as a general
mechanism for inducing expression of pathway target genes
encoding cell-fate determinants as well as feedback antago-
nists, indicating that relief of Groucho-dependent repression
is an integral element of RTK signaling networks. We further
demonstrate that after mitogen-activated protein kinase
(MAPK) has been deactivated, sustained phosphorylation of
Groucho is essential for persistent RTK-induced target gene
expression and cell-fate determination in several develop-
mental contexts.
Conclusions: Phosphorylation of Groucho by MAPK plays
a dual role in the regulation of RTK responses: (1) it mediates
rapid feedback inhibition, and (2) it provides a stable memory
mechanism of past MAPK activity. We propose that, in this
manner, phosphorylation of Groucho enables transiently
active RTK pathways to fix the spatiotemporal expression
profiles of downstream targets over time.
Introduction
Receptor tyrosine kinase (RTK) signaling pathways control
diverse cellular processes such as proliferation, migration,
differentiation, and fate determination. RTK-transduced*Correspondence: zparoush@cc.huji.ac.ilsignals are often relayed via the canonical Ras/Raf/MEK
cascade, culminating in the phosphorylation and activation
of mitogen-activated protein kinase/extracellular signal-regu-
lated kinase (MAPK/Erk). Once activated, MAPK/Erk enters
the nucleus, where it phosphorylates and modulates the
activity of various transcriptional regulators, leading to
specific changes in pathway target gene expression [1].
In development, RTK signaling activity is tightly restricted in
time and space by various negative regulators. Accordingly,
prominent among the downstream targets induced by RTK
pathways are feedback antagonists that restrain RTK-depen-
dent signaling. In Drosophila, these inhibitors include MAPK
phosphatases (e.g., Mkp-3) and Argos (Aos) [2, 3]. As a result
of negative feedback regulation, MAPK/Erk is quickly deacti-
vated [4, 5], yet remarkably, expression of pathway targets is
often continuous. How transient RTK signaling is converted
into prolonged transcriptional regulation is not well under-
stood. Here we address this question using the Drosophila
embryo as a model system [6].
In early embryogenesis, patterning along the dorsoventral
(DV) axis is controlled by the transcriptional activity of the
Dorsal (Dl) morphogen. Graded nuclear distribution of Dl spec-
ifies three presumptive embryonic tissues: mesoderm, neuro-
ectoderm, and dorsal ectoderm [7]. One of the many genes
directly activated by Dl in the neuroectoderm is rhomboid
(rho), which encodes a serine protease required for stimulating
the epidermal growth factor receptor (EGFR) RTK pathway
[8, 9]. Accordingly, expression of rho fully coincides with the
pattern of activated MAPK in the neuroectoderm and other
contexts [10]. rho is initially expressed at stage 5/6 (st5/6),
about 2:40–3:00 hr after egg laying (hr AEL), in a wide lateral
stripe in the neuroectodermal region [8, 11]. Later on, rho
expression responds to dynamic changes in the Dl gradient
and gradually narrows down to the ventral midline [12].
Once activated by Rho, the EGFR pathway, together with Dl,
induces transcription of intermediate neuroblasts defective
(ind), a gene required for the formation of neuroblasts (NBs)
comprising the intermediate of three neuroectodermal NB
columns [13]. Although ind is clearly a target of the EGFR
pathway at st5/6 [14], the mechanisms regulating its expres-
sion are not well understood. Furthermore, ind transcription
is maintained in the neuroectoderm from st7 (3:00 hr AEL)
onward, long after EGFR pathway activity retracts toward
the ventral midline following the changes in rho expression.
Thus, ind is an EGFR target whose expression in the neuroec-
toderm persists long after RTK signaling has terminated in this
region.
Here we show that downregulation of the Groucho (Gro)
developmental corepressor, via MAPK phosphorylation [15,
16], plays a dual role in the spatiotemporal regulation of RTK
responses. First, it provides a mechanism required for rapid
induction of RTK target genes encoding cell-fate determinants
as well as negative feedback regulators. Second, it enables
extended expression of targets long after pathway activity
has terminated. Specifically, we demonstrate that the induc-
tion of ind and aos expression by the EGFR pathway occurs
by relief of Gro-mediated repression. Additionally, we show
that phosphorylation of Gro is sustained for several hours after
Figure 1. Phosphorylation of Groucho and
Downregulation of Its Repressor Activity Are
Required for Ind Expression and Function
(A and B) Lateral view of st5/6 wild-type embryos
stained for dpERK (A; green) and for pGro
(B; red).
(A) Anti-dpERK staining delineates the neuroec-
todermal region where early EGFR pathway acti-
vation takes place.
(B) Gro is phosphorylated in the neuroectoderm,
as well as in the embryonic termini and in seven
transverse stripes [18].
(C) DSor mutant embryo stained for pGro. The
lateral stripe of EGFR-dependent Gro phosphory-
lation is greatly reduced, as is phosphorylation in
response to Torso RTK signaling at the poles.
(D–F) Lateral view of st6 embryos. Expression of
Ind (green) is reduced inbothDSormutantembryo
(E) andembryoexpressingGroAA (F),whereas Vnd
(red) is expressed in both backgrounds.
(D) Control embryo expressing LacZ.
(D0–F0) Ind expression alone.
(G–I) Lateral view of st6 maternal mutant embryos
stained for Ind (green). Ind expression is dere-
pressed by 1–3 cell diameters in gro mutant
(G; cf. D0), is completely absent in ras mutant (H),
and is partially rescued in ras gro double mutant
(I). In this and subsequent figures, embryos are
oriented with anterior to the left and dorsal side
up unless stated otherwise.
(J) Simplified model for ind regulation.
(K–M0) Formation of intermediate neuroblasts in
the neuroectoderm depends on phosphorylation
and downregulation of Groucho.
(K–M)Ventral viewofst10DSormutant embryo (L),
embryo maternally expressing GroAA (M), or
control embryo maternally expressing LacZ (K),
stained for the pan-neuroblast (NB) marker Hb.
(K0–M0) Higher magnification of embryos similarly
stained for Hb.
(K and K0) Three Hb-expressing neuroectodermal NB columns form on either side of the ventral midline.
(L–M0) Note the formation of only two NB columns and the specific loss of intermediate NBs, brought about by blocking either EGFR signaling (L and
L0) or Gro phosphorylation (M and M0). In all panels, the ventral midline is demarcated by the dashed line.
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1103MAPK has been deactivated and that this modification is
required for maintaining continuous ind expression. Similarly,
phosphorylation of Gro in response to EGFR, Torso, and fibro-
blast growth factor receptor (FGFR) RTK signaling correlates
with feedback inhibition and maintenance of pathway target
expression in the eye imaginal disc, at the embryonic poles,
and inmesodermal Eve-positive pericardial cells, respectively.
Based on these results, we propose that Gro is a central
component of RTK feedback networks and that stable
phosphorylation of Gro represents a molecular imprint
required for sustained RTK-dependent gene expression in
development.
Results
The EGFR Pathway Promotes ind Expression
via Relief of Groucho-Dependent Repression
Analysis of a functional ind enhancer uncovered potential
binding sites for several Gro-dependent repressors [17],
prompting us to investigate the role of Gro in ind regulation.
We first stained gro mutants for Ind, finding its expression
derepressed by 1–3 cell diameters (Figure 1G; see also Fig-
ure S1 available online). Although the effect is not dramatic,
it nevertheless implicates Gro as a negative regulator of ind.
Furthermore, the observed expansion resembles the effectcaused by EGFR overactivation in the embryo [14], raising
the possibility that both effects are linked. Thus, we asked
whether EGFR signaling modifies Gro in the presumptive neu-
roectoderm at embryonic st5/6. Embryos were stained for
doubly phosphorylated MAPK (dpERK) as readout for RTK
pathway activity, as well as for phosphorylated Gro (pGro)
[18, 19]. As Figures 1A–1C show, Gro phosphorylation over-
laps with early EGFR pathway activation.
To investigate whether phosphorylation of Gro is relevant to
ind expression, we maternally expressed an unphosphorylat-
able Gro variant in which the phosphoacceptor amino acids
residing in two MAPK phosphorylation sites were replaced
by alanine residues (GroAA; T308A and S510A) [15, 18]. As
shown in Figure 1 and Figure S1, GroAA expression causes
a significant reduction in Ind protein (Figures 1F and 1F0) and
ind mRNA levels (Figure S1; 88%; n = 90; n indicates the
number of embryos scored). This result is similar to that
caused by mutations in DSor (Drosophila MEK; Figures 1E
and 1E0; 100%; n = 25) and ras (Figure 1H; 100%; n = 30).
The effect is specific because both GroAA embryos and DSor
mutants still express the medial column homeobox gene
ventral nervous system defective (vnd) (Figures 1D–1F) [14].
In comparison, expression of the native form of Gro or a phos-
phomimetic Gro derivative (GroDD; T308D and S510D) [15, 18]
exerts a milder effect (Figure S1). Thus, blocking Gro
Figure 2. Phosphorylation of Gro Correlates with Meso-
dermal eve Expression
(A–B00) Late st10 wild-type embryos stained for Eve (A
and B; red), dpERK (A0; green), and pGro (B0; blue). (A00
and B00) Merge. At this stage, MAPK is activated in
response to EGFR and FGFR signaling, leading to the
phosphorylation of Gro.
(C–F) Arrowheads demarcate the position of one of the
clusters. Lateral view of st12 wild-type (C) and zygotic
ras (D), gro (E), and ras gro (F) mutant embryos, stained
for Eve (red). In wild-type embryos, Eve expression
defines ten mesodermal clusters, composed of heart
and muscle progenitors (C). In comparison, the number
of progenitor clusters is markedly reduced in ras (D)
but not in gro mutants (E). In the latter background, eve
is derepressed and many clusters contain additional
Eve-expressing cells.
(F) Expression of eve and formation of progenitor clus-
ters are partially rescued in ras gro double mutants
(cf. D), suggesting that relief of Gro-dependent repres-
sion by RTK signaling is required for Eve induction and
cluster formation.
(G) Average number of clusters per embryo in each back-
ground is presented. Note that, on average, less than one
cluster is observed in ras mutant embryos, compared to
4.7 clusters in ras gromutants. Results are the average6
standard deviation of the rates calculated from ten
embryos per each genetic background.
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loss of EGFR signaling, indicating that MAPK-mediated down-
regulation of Gro repressor activity is essential for the expres-
sion of ind in response to EGFR activity (Figure 1J).
If EGFR signaling induces ind by relieving Gro-dependent
repression, could the removal of Gro bypass the requirement
for EGFR activity? Indeed, whereas Ind is never detected in
ras single mutants (Figure 1H), it is partially restored in all
developed ras gro double-mutant embryos (Figure 1I; Fig-
ure S1; 100%; n = 11). Given that Ind expression is not rescued
to its normal extent in ras gro mutant embryos, we also
conclude that additional Gro-independent inputs by EGFR
signaling are necessary for full ind expression in the
neuroectoderm.
To explore the functional consequences of Gro phosphory-
lation, we examined the formation of the EGFR-dependent
intermediate column NBs in its absence. Mutations in genes
encoding EGFR or other elements of the pathway, such as
DSor, lead to loss of the intermediate NBs column (Figures
1L and 1L0; 100%; n = 30) [20–22]. Likewise, we find that inter-
mediate NBs are significantly lost in GroAA-expressing
embryos (Figures 1M and 1M0; 86%; n = 50), whereas the
expression of Gro and GroDD causes a more moderate
decrease of NBs (56%; n = 32 and 51%; n = 33, respectively;
data not shown). These data suggest that downregulation of
Gro repressor activity is essential for EGFR-mediated forma-
tion of intermediate NBs.
RTK-Induced Mesodermal even-skipped Expression
Requires Downregulation of Groucho-Mediated
Repression
The attenuation of Gro repression by RTK signaling is also
required for the induction of pathway targets in other contexts.
For example, FGFR signaling contributes to heart formation by
activating the mesodermal expression of even-skipped (eve),
thus specifying Eve-positive pericardial progenitor cells
(EPCs) [23, 24]. Correspondingly, MAPK is transiently activein the ten mesodermal Eve-expressing clusters that form at
st10 (5 hr AEL) (Figures 2A–2A00) [25, 26]. In the absence of
RTK signaling at this stage, eve expression is lost and these
cells are misspecified (Figure 2D) [26]. Gro is phosphorylated
in st10 Eve-positive clusters (Figures 2B–2B00), raising the
possibility that RTK signals induce eve by downregulating
Gro-mediated repression. Consistent with this idea, Eve-posi-
tive clusters are significantly rescued in a zygotic ras gro
double-mutant background (Figures 2F and 2G). These results
further support the idea that attenuation of Gro repressor func-
tion by phosphorylation is a prevalent mechanism employed
by multiple RTK pathways in turning on their targets.
Phosphorylation of Groucho Is Required for Negative
Feedback Regulation of RTK Signaling
Besides ind and eve, phosphorylation of Gro mediates dere-
pression of other key RTK pathway targets. Significantly,
several genes encoding feedback antagonists of RTK
signaling, generally viewed as the universal targets of all RTK
pathways, are also under thismode of regulation. For instance,
the negative inhibitor argos (aos) is normally transcribed in the
ventral ectoderm at st7 and onward, and in the termini at st4
(1:20–2:10 hr AEL), in response to EGFR and Torso RTK
signaling, respectively (Figures 3A and 3G) [2, 27, 28]. We
find that aos is derepressed in gromutant embryos, indicating
that Gro is normally a repressor of aos expression (Figure 3H).
By contrast, aos is repressed in bothDSormutants (Figure 3B;
100%; n = 25 and Figure 3I; 100%; n = 25) and GroAA embryos
(Figure 3C; 96%; n = 29 and Figure 3J; 74%; n = 23). Addition-
ally, expression of the MAPK phosphatasemkp-3, detected at
the poles of st4 wild-type embryos (Figure 3K) [3, 29], is signif-
icantly derepressed in gro mutants (Figure 3L) and,
conversely, is reduced (particularly at the anterior) in embryos
with decreased Torso signaling (Figure 3M; 100%; n = 25), as
well as in GroAA-expressing embryos (Figure 3N; 79%; n = 54).
Consistent with the above findings, we note that dpERK
staining in the neuroectoderm of st9 (3:40-4:20 hr AEL)
Figure 3. Relief of Groucho-Mediated Repres-
sion by MAPK Phosphorylation Mediates Feed-
back Inhibition of RTK Signaling
(A–C and G–N) In situ hybridization using digoxi-
genin-labeled RNA probes.
(D–F and O–R) Embryos stained for dpERK
(green).
(A–C) Ventral view of st9 embryos stained for aos,
an EGFR target gene encoding a central feed-
back antagonist of the pathway.
(A) Control embryo showing the normal aos
expression pattern at this stage.
(B and C) aos is never expressed in the neuroec-
toderm of Dsor mutants (B) and is repressed in
GroAA-expressing embryos (C). Note the two
unaffected aos head patches in all three back-
grounds.
(D–F) Ventrolateral view of st9 embryos. MAPK
activation is stronger in the neuroectoderm of
GroAA-expressing embryo (F) than in wild-type
control (D) and GroDD-expressing embryo (E).
(G–J) St4 embryos stained for aos. aos expres-
sion is derepressed in maternal gro mutant (H).
By contrast, terminal aos expression domains
are reduced inDSormutant (I) and embryomater-
nally expressing GroAA (J), compared to control
embryo maternally expressing LacZ (G).
(K–N) St4 embryos stained for mkp-3.
(K) Control embryo maternally expressing LacZ.
(L–N) Expression of mkp-3 expands throughout
maternal gro mutant (L), and is blocked at the
termini (particularly at the anterior pole) in torso-
likemutant in which the Torso pathway is inactive
(tsl691; M) and in embryo maternally expressing
GroAA (N).
(O–R) Lateral view of st5/6 embryos. MAPK acti-
vation is significantly reduced in gro mutant (P)
compared to wild-type control (O), in accordance with the ectopic expression of feedback inhibitors in this background (H and L). In comparison, pro-
longed MAPK activation is evident at the termini of GroAA-expressing embryo (R, arrows; cf. O), in the domain of Torso RTK signaling, corresponding to
the reduction in aos and mkp-3 expression in the pole regions (J and N). dpERK staining is undetectable in DSor mutant (Q) as a result of impaired RTK
signaling.
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1105GroAA-, but not GroDD-, expressing embryos is stronger than in
wild-type (Figures 3D–3F). Notably, this effect is not observed
at st5/6 when EGFR activation is initiated (Figures 3O and 3R),
suggesting that subsequent MAPK overactivation reflects
a defect at the level of feedback inhibition. Similarly, there
are no significant differences in Torso-dependent dpERK
levels between wild-type and GroAA embryos at st4/5 (2:00–
2:20 hr AEL; data not shown); however, by st5/6 we observe
persistent dpERK staining only in GroAA-expressing embryos
(Figure 3R, arrows). Conversely, in gro mutant embryos,
a significant reduction in dpERK staining is seen (Figure 3P;
Figure S2). Remarkably, the prolonged and increased levels
of dpERK staining in GroAA-expressing embryos (Figures 3R
and 3F) are comparable to those evident at the termini of
st5/6 mkp-3 and in the neuroectoderm of st9 aos mutant
embryos, respectively (Figure S2). Taken together, our results
strongly indicate that activation of multiple feedback antago-
nists of RTK signaling requires downregulation of Gro-depen-
dent repression, suggesting that Gro is a central component of
the feedback networks controlling themagnitude and duration
of MAPK signals.
Persistent Phosphorylation of Groucho Enables Sustained
Expression of RTK Pathway Target Genes
As mentioned above, ind is continuously expressed in the
lateral neuroectoderm, even while EGFR pathway activity
gradually retracts toward the ventral midline. In fact, at st7and later, the Ind expression domain does not overlap any
longer with that of dpERK (Figure 4E). What could be the
mechanism that maintains expression of ind and other RTK
pathway target genes after MAPK has been deactivated?
The Capicua (Cic) repressor restricts the early (st5/6) dorsal
limit of ind expression, and this repression is alleviated by
EGFR-dependent downregulation of Cic protein levels (Fig-
ure S1) [30].We initially explored a possible role for Cic inmain-
taining accurate limits of ind expression as development
proceeds, by analyzing late (st8) Cic protein accumulation
relative to the Vnd expression domain. We find that as EGFR
pathway activity progressively retracts toward the ventral
midline from st7, newly synthesized Cic accumulates in the
same nuclei that continuously express Ind on both sides of
the Vnd domain (Figures 4A–4A00). Thus, the pattern of Cic
degradation accurately reflects dynamic RTK signaling
activity, and when MAPK activation terminates, new Cic
protein is rapidly produced. Accordingly, downregulation of
Cic likely plays a role only in the induction, but not in the main-
tenance, of ind expression.
In contrast, Gro remains constantly phosphorylated in the
neuroectoderm, and, from st7 onward, the pattern of pGro is
broader than that of dpERK (Figure 4C). Could prolonged
phosphorylation of Gro serve as memory of previous MAPK
activity, to maintain ind expression in the neuroectoderm
even in the presence of newly synthesized Cic protein
(Figures 4B–4B00)? First, we unequivocally established that
Figure 4. Stable Phosphorylation of Groucho
Maintains Continuous Ind Expression in the
Absence of EGFR Activity
(A and A00) Ventrolateral view of st8 wild-type
embryo double stained for Vnd (A; green) and
Cic (A0; red).
(A00) Merge. By this stage, EGFR pathway activity
has retracted from the region of Ind expression
abutting the Vnd domain (arrowhead), where
newly synthesized Cic protein now accumulates.
(B and B00) Ventrolateral view of st8 wild-type
embryo double stained for unphosphorylated
Gro (B; green) and Cic (B0; red).
(B) There is no anti-Gro staining in the neuroecto-
derm, in the region of earlier EGFR activity. The
lack of anti-Gro signal in the Ind domain (arrow-
head) indicates that Gro is in its phosphorylated
state [18].
(B0) Cic is freshly produced in the Ind domain,
following the cessation of EGFR signaling in this
region. Thus, phosphorylated Gro and Cic over-
lap where ind is continuously expressed.
(B00) Merge.
(C–D) Ventral view of st10 wild-type (C) and sim
mutant (D) embryos, stained for dpERK (green)
and pGro (red).
(C) The pGro domain is broader than that of
dpERK.
(C0) pGro alone.
(D) dpERK staining is insignificant in simmutants,
yet Gro is still markedly phosphorylated in the
neuroectoderm.
(E) Ventral view of st10wild-type embryo stained for dpERK (green) and Ind (red). EGFR activation has narrowed down by this time to a region adjacent to the
ventral midline, whereas Ind expression in the neuroectoderm extends beyond the dpERK domain and overlaps with that of pGro (cf. [C]).
(F–G) Ventral view of st10 embryos ectopically expressing Gro (F) or RasDN (G) under Kr-Gal4 regulation, stained for unphosphorylated Gro (blue) and Ind
(red). Gro represses Ind expression in the Kr domain (F), whereas RasDN has no effect (G). In st6 Kr>Gro embryos, Gro is undetectable and the Ind pattern is
indistinguishable from the wild-type (not shown), ruling out the possibility that the Kr-Gal4 driver is leaky at earlier stages.
(H and H00) Ventral view of st10 embryo, ectopically expressing unphosphorylated Gro (H; red) under Kr-Gal4 regulation and stained for the panneuronal
marker Hb (H0; green).
(H00) Merge. Misexpressed Gro compromises the formation of intermediate column NBs cell-autonomously.
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1106neuroectodermal phosphorylation of Gro is indeed stable with
time by analyzing pGro in single-minded (sim) mutants in
which only early (st5/6) EGFR activation takes place. Although
sim is not an inherent component of the EGFR pathway, the
ventral midline does not form in its absence and, conse-
quently, late EGFR activation at st10 (4:20–5:20 hr AEL) does
not occur [31]. Nonetheless, Gro remains phosphorylated in
the neuroectoderm of st10 sim mutants, including in Ind-ex-
pressing cells (Figure 4D; Figure S3), indicating that pGro
persists at least throughout the 2 hr interval separating the
two waves of EGFR activation.
To test whether pGro plays a role in maintaining neuroecto-
dermal ind expression independently of EGFR activity during
st7–10 (3:00–5:20 hr AEL), we expressed the native form of
Gro under the regulation of Kr-Gal4 (Kr-Gro). Kr-Gal4 drives
expression starting from st8 (3:10–3:40 hr AEL), after the early
wave of EGFR signaling has terminated [32]. An antibody
specific for the unphosphorylated form of Gro [18] confirmed
that Kr-Gal4 drives Gro expression from st8 only and that
Gro is unmodified byMAPK at this stage (Figure 4F). Strikingly,
double staining revealed that Ind expression is clearly reduced
in cells that express ectopic Gro protein. Some embryos
showed a severe reduction in Ind expression (Figure 4F),
whereas others showed amilder effect (15%and 43%, respec-
tively; n = 35). Notably, even the latter embryos lack Ind
expression in cells that strongly express Gro (Figure S3). As
control, Ind expression was only mildly affected by GroDD
(10%; n = 30) and was not at all affected in embryos similarlyexpressing a dominant-negative form of Ras (RasDN) (Fig-
ure 4G; Figure S3) [33]. Taken together, our results indicate
that phosphorylation of Gro is crucial to permit the continuing
expression of ind starting from st7, when Cic protein is
produced anew. Thus, initiation of ind expression depends
on EGFR pathway-mediated downregulation of both Cic and
Gro; however, its maintenance responds solely to persistent
phosphorylation of Gro. Furthermore, long-term ind expres-
sion is functionally important, given that misexpression of
Gro blocks formation of intermediate column NBs in the Kr
domain (Figures 4H–4H00).
Continuous RTK Pathway Target Gene Expression
Correlates with Sustained Groucho Phosphorylation
in Multiple Developmental Processes
Persistent phosphorylation of Gro also correlates with pro-
longed pathway target gene expression at other stages, down-
stream of multiple RTK pathways, suggesting that this
memory mechanism is a general one. For instance, in third-
instar eye imaginal discs, dpERK staining is most prominent
in the row of photoreceptor clusters immediately posterior to
the morphogenetic furrow, whereas it is significantly less so
in more posterior ommatidial rows (Figures 5A–5A00) [19].
Expression of the pathway target aos is detected only posteri-
orly to the first row, where it presumably acts to dampenMAPK
activation (Figures 5A–5A00). Notably, phosphorylation of Gro is
discernable both in the first row and in more posterior cells in
which dpERK levels have declined yet aos expression is robust
Figure 5. Stable Groucho Phosphorylation Correlates with, and Is Required for, Continuous RTK Pathway Target Gene Expression
(A and B) Third-instar eye discs derived from aos-LacZ flies, stained for dpERK (A; green), pGro (B; blue), and LacZ (aos-LacZ; A and B; red).
(A0, A00, B0, and B00) Enlargements. Stable phosphorylation of Gro correlates with sustained aos expression even in cells with little or no EGFR pathway
activity.
(C–E) Stable phosphorylation of Gro correlates with sustained hkb expression.
(C) Lateral view of st7 wild-type embryo stained for dpERK (green) and pGro (red). Early activation of MAPK at the poles in response to Torso RTK signaling
has diminished by this stage; however, phosphorylation of Gro persists (arrows).
(D) At the same time, the Torso pathway target hkb is still expressed in the domain of phosphorylated Gro (arrows).
(E) Ventrolateral view of st7 wild-type embryo stained for Cic (green). Cic, previously phosphorylated and degraded by Torso signaling at st4, is freshly
produced at the poles (arrows). Note the degradation of Cic in the neuroectoderm at this stage.
(F–I) Stable Gro phosphorylation is essential for prolonged Eve expression in pericardial cells.
(F and G) St14 wild-type embryos stained for dpERK (F; green), pGro (G; blue), and Eve (F and G; red). By this time, RTK activity has diminished in Eve-posi-
tive cells, yet Gro remains phosphorylated.
(H and I) St14 wild-type (H) and Gro-expressing (I) embryos stained for Gro (green) and Eve (red).
(I) Nonphosphoryated Gro, driven by 24B-Gal4, interferes with continuous Eve expression cell autonomously (cf. [H]). Eve-positive pericardial progenitor
cells (EPCs) that do not express Gro still stain for Eve. Arrows in all panels demarcate pairs of EPCs.
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1107(Figures 5B–5B00). Thus, in the eye, phosphorylation of Gro
follows the pattern of EGFR signaling, and pGro remains stable
even in cells in which MAPK has been deactivated, correlating
with sustained pathway target gene expression.
Phosphorylation of Gro in response to Torso-mediated
signaling also illustrates this trend. Torso is briefly active at
the embryonic poles at st4, where it phosphorylates and
downregulates Cic- and Gro-dependent repression allowing
huckebein (hkb) transcription [18, 34]. We find that both phos-
phorylated Gro as well as hkb expression persist long after the
Torso pathway has been turned off (Figures 5C and 5D). Again,
stable Gro phosphorylation correlates with sustained RTK-
induced gene expression at the time when newly synthesized
Cic is accumulating (Figure 5E).
Finally, stable phosphorylation of Gro also plays a role in
maintaining prolonged Eve expression in EPCs at st12 (7:20–
9:20 hr AEL) and later, when dpERK is no longer detectable
[25, 26]. Induction of eve expression in cardiac cell clusters
is initiated by transient FGFR activity at st10 (Figure 2), but
eve is continually expressed in mesodermal EPCs long after
termination of the pathway [25, 26]. Double staining for both
Eve and pGro reveals that pGro persists in these cellsindependently of Ras/MAPK activity at least until st14
(10:20–11:20 hr AEL) (Figures 5F and 5G). Strikingly, expres-
sion of native Gro under the regulation of 24B-Gal4, which
drives expression in cardiac and somatic mesoderm from
st11 onward [26], reduces or abolishes Eve expression cell
autonomously (Figures 5H and 5I). These results, together
with those presented above, indicate that phosphorylation of
Gro is a primary mechanism by which expression of many
RTK pathway targets is induced and then maintained after
signaling activity has ended.
Discussion
In this work, we have uncovered central roles for Gro as a key
effector of RTK signaling networks. Our results indicate that,
prior to signal transduction, Gro suppresses the expression
of multiple pathway target genes. Indeed, DNA adenine meth-
yltransferase identification (DamID) experiments in resting
Drosophila Kc cells show that Gro is tethered to DNA in prox-
imity to many known RTK downstream genes, including ind
and aos, suggesting that these represent direct targets for
Gro-mediated repression [22, 35] (A.O., unpublished data).
Figure 6. Model; Stable Gro Phosphorylation
Provides a Long-Term Mechanism Required to
Maintain the Spatiotemporal Extent of RTK
Pathway Target Gene Expression after MAPK
Activity Has Declined
(A) Schematic cross-sections depicting domains
of dpERK staining (green), phosphorylated Gro
(blue), and ind expression (red), in st6 (left) and
st9 (right) embryos. Initially rho is expressed,
and MAPK is active, in the neuroectoderm. With
time, rho expression retracts toward the ventral
midline, and RTK feedback inhibitors terminate
MAPK activity in the neuroectoderm. Neverthe-
less, Gro is stably phosphorylated and ind
continually expressed in this domain.
(B) Lateral view. The Torso RTK pathway is briefly
active at st4 (left) at the termini of the embryo
(dpERK; green), where it phosphorylates Gro
(blue) and relieves repression of hkb (red). At
st7 (right), both phosphorylation of Gro and hkb
expression persist, long after Torso signaling
has been inactivated.
(C) Lateral view. At st10 (left), FGFR-mediated
mesodermal signaling (dpERK; green) phosphor-
ylates Gro (blue) and induces expression of eve in
ten clusters (only some depicted). At st14 (right),
MAPK has been deactivated, yet persistent
phosphorylation of Gro enables the continuous
expression of eve.
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relieved and downstream targets are activated. Products of
some of these genes impart stable cellular fates, whereas
others mediate rapid negative feedback regulation. Our study
thus highlights an intimate connection between phosphoryla-
tion of Gro and feedback inhibition of RTK signaling (Figure 3).
Significantly, phosphorylation of Gro provides a mechanism
of long-term derepression, allowing prolonged transcription of
RTK targets after MAPK activity has declined (Figure 6). This
mechanism controls the persistent spatiotemporal expression
of ind in the neuroectoderm in response to early EGFR activa-
tion; prolonged expression of ind is subsequently required for
the formation of intermediate NBs and, hence, must be main-
tained for several hours. Other genes such as rho and short
gastrulation are initially expressed in the neuroectoderm but
are then progressively lost from this region [12]. These genes
are targets of Dl, but not of the EGFR pathway or of Gro (not
shown), and are therefore not subject to this mode of regula-
tion. Importantly, long-lasting derepression mediated by Gro
phosphorylation is also similarly required for sustained
expression of eve in EPCs, as well as that of aos and hkb in
eye imaginal discs and at the embryonic termini, respectively.
Interference with this mechanism results in the loss of ind and
eve expression, consequently leading to depletion of interme-
diate NBs andmisspecification ofmesodermal EPCs (Figure 4;
Figure 5).
The induction of many RTK targets involves degradation of
Cic [29, 36–38]. However, Cic is degraded only where RTK
signaling actively takes place but is newly synthesized oncefeedback inhibitors deactivate MAPK
and signal transduction terminates (Fig-
ure 4; Figure 5). Thus, downregulation of
Cic does not appear to play a role in
maintaining target expression. We
propose that prolonged phosphoryla-
tion and attenuation of Gro repressorfunction is crucial for fixing localized patterns of gene expres-
sion while Cic is being produced de novo.
If stable pGro maintains transcriptional memory of transient
MAPK signals, then unphosphorylated active Gro should not
accumulate during this process. Indeed, ectopic expression
of unphosphorylated Gro perturbs this regulatory mechanism
and leads to the loss of RTK target gene expression. The
marked dichotomy between the phosphorylated and unphos-
phorylated states of Gro [18] suggests that Gro phosphoryla-
tion is highly efficient and that the protein is stable in both
states. It is also possible that a more active mechanism
restricts the synthesis of new unphosphorylated Gro in cells
in which it is modified.
As shown here, phosphorylation and downregulation of Gro
by MAPK provide a mechanism both for initial derepression of
pathway target genes as well as for maintenance of their
expression over time. However, additional Gro-independent
inputs must also be controlling RTK-dependent gene expres-
sion, in the form of relief of one or many additional repressors
and/or potentiation of activators. For example, ind and eve
expression are only partially restored in ras gro double-mutant
embryos (Figure 1; Figure 2). Additionally, ind is positively au-
toregulated, contributing to persistent ind transcription in the
developing embryonic nervous system [39].
In conclusion, downregulation of Gro-mediated repression
is a basic component of different RTK pathways, playing
a dual role in restricting RTK signaling as well as in maintaining
spatiotemporal outputs of transient MAPK activity. Future
studies will show whether persistent phosphorylation of
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where brief activation of MAPK/Erk2 signaling controls sus-
tained developmental responses.Experimental Procedures
Fly Stocks
The following mutant alleles and Gal4 drivers were used: simH9, EGFRf2, aos
I(3)5959, aoslD7 (Benny Shilo), mkp-31 (Yoosik Kim), cic1, tsl691, nos-Gal4-
VP16, UASp-LacZ, UASp-Gro, UASp-GroAA, UASp-GroDD [18], UASt-Gro
[15], Kr-Gal4, 24B-Gal4, and UASt-RasN17 (Bloomington Stock Center). yw
and histone-GFP stocks (Stas Shvartsman) [40] served as wild-type
controls.
Embryos lacking maternal or zygotic gro, ras, ras gro, and DSor activities
were derived from mosaic groE48 and groBX22, ras1e2f, ras1e2f groBX22, and
DsorLH110 (FlyBase) mutant germlines, respectively [41]. The vast majority
of ras gro double-mutant embryos are undeveloped. To distinguish those
that domature, we costained embryos together with either Vnd orWingless.
In Situ Hybridization and Antibody Staining
Embryos were dechorionated in bleach and fixed in 4% formaldehyde/
phosphate-buffered saline (PBS)/heptane for 15–20 min. Expression
patterns of ind, aos, mkp-3, and hkb were visualized by whole-mount
in situ hybridization using digoxigenin-UTP-labeled antisense RNA probes
and anti-digoxigenin antibodies conjugated to alkaline phosphatase
(Roche).
Fluorescent immunohistochemical detection of activated MAPK, in
freshly fixed embryos (10% formaldehyde/PBS/heptane buffer), was
achieved with rabbit adpERK (1:100; Cell Signaling) or mouse adpERK
(1:100; Sigma) [42]. Other antibodies used were as follows: rabbit apGro
(1:100) [18], rabbit aInd (1:1000), rat aVnd (1:1000), rabbit aHb (1:1000),
mouse aGro (1;1000; Christos Delidakis), mouse aLacZ (1:1000), rabbit
aEve (1:1000; Talila Volk), mouse aEve (1:20; Developmental Studies
Hybridoma Bank), and rabbit aCic (1:1000). Secondary antibodies were
FITC- (1:2000), rhodamine- (1:2000), or Cy5-conjugated (1:800) (Jackson
Laboratories). Embryos were mounted using DakoCytomation medium.Supplemental Information
Supplemental Information includes three figures and can be found with this
article online at doi:10.1016/j.cub.2011.05.043.
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